ABSTRACT. The aim of this study was to verify the adaptability and stability of soybean cultivars with regards to yield and oil content. Data of soybean yield and oil content were used from experiments set up in six environments in the 2011/12 and 2012/13 crop seasons in the municipalities of Patos de Minas, Uberaba, Lavras, and São Gotardo, Minas Gerais, Brazil, testing 36 commercial soybean cultivars of both conventional and transgenic varieties. The Wricke method and GGE biplot analysis were used to evaluate adaptability and stability of these cultivars. Large variations were observed in grain yield in relation to the different environments studied, showing that these materials are adaptable. The cultivars exhibited significant differences in oil content. The cultivars BRSGO204 (Goiânia) and BRSMG (Garantia) exhibited the greatest average grain yield in the different environments studied, and the cultivar BRSMG 760 SRR had the greatest oil content among the cultivars evaluated. Ecovalence was adopted to identify the 2 K.B. Silva et al. ©FUNPEC-RP www.funpecrp.com.br Genetics and Molecular Research 15 (2): gmr.15026756 most stable cultivars, and the estimates were nearly uniform both for grain yield and oil content, showing a variation of 0.07 and 0.01%, respectively. The GGE biplot was efficient at identifying cultivars with high adaptability and phenotype stability.
INTRODUCTION
One of the greatest complications in plant breeding is the genotype-environment interaction (G x E), both when selecting cultivars and when recommending them. The multiplicity of loci involved in phenotypic expression and the influence of environmental factors on the traits make gains in the plant-breeding process more difficult. As a result, the use of cultivars that have wide adaptability and good stability is an alternative method that can reduce the effect of this interaction.
Oil content in soybean seeds ranges from 15 to 22%, and protein content ranges from 36 to 40% (Arioglu, 2007) . Studies have reported that factors such as climatic conditions, soil characteristics, crop management practices, genotypic traits, and water stress, affect both oil and protein content in soybean. In general, oil content increases as protein content decreases in high-temperature growing areas (Kane et al., 1997; Piper and Boote, 1999; Noureldin et al., 2002; Ning et al., 2003; Gunasekera et al., 2006; Miladinovic et al., 2006; Rotundo and Westgate, 2009) .
A 2-year study carried out in eight environments with different soils and climatic conditions showed that soybean oil contents varied from 18.29 to 23.06% and that protein contents varied from 29.25 to 38.57%. The authors of that study concluded that appropriate genotypes should be selected for each environment in consideration of the oil and protein content, as well as the projected use of the soybeans (Arslanoglu et al., 2011) .
Grain production, and its adaptability, represents the most complex genetic control trait, and the influence of environmental factors on this trait is pronounced. Several reports have shown that there is G x E interaction and that predictable and unpredictable factors act directly on the character of expression (Mundstock and Thomas, 2005) .
Nevertheless, simultaneous selection for adaptability and stability of grain yield and oil content in soybean is difficult and requires association between a parameter of stability and another of adaptability (Rocha et al., 2006) . Thus, the aim of this study was to verify the stability and adaptability of soybean cultivars with regards to yield and oil content. A triple lattice 6 x 6-statistical design was used and the experimental plots consisted of four 5-m rows at a spacing of 0.50 m, constituting a useful area of 5 m 2 (encompassing the two center rows). The experiments were set up in an area under a no-tillage system (NT) for 10 years in a soybean/maize rotation. Desiccation was performed 10 days before sowing. Fertilization followed the recommendations of the Soil Fertility Commission of the State of Minas Gerais (Ribeiro et al., 1999) with 400 kg/ha of the commercial formula 2-30-20 being applied in the planting furrow. Before sowing, the seeds were inoculated with Bradyrhizobium japonicum using the Nitral peat-based inoculant at 1,200,000 bacteria per seed, at 4 mL/kg seed. Seeds were sown manually at a density of 12 plants/m, and plants were thinned 25 days after germination. The other crop treatments were carried out as recommended for each crop in the region.
MATERIAL AND METHODS

Experiments
For the purposes of evaluation, data were obtained for grain yield in kg/ha, and for percent oil content in the grain at 13% moisture. Analyses were performed to determine lipid content (oil) in the seeds and in the meal (ground seeds) of the soybean cultivars according to the methods described in the Analytical Standards of the Instituto Adolfo Lutz (2008) .
Individual analyses of variance per trait evaluated were carried out adopting a procedure similar to that presented by Ramalho et al. (2012) . Having obtained the phenotypic mean values, combined analyses were carried out per location, also adopting the procedure described by Ramalho et al. (2012) . All statistical analyses were carried out through the R program (R Development Core Team, 2011). The phenotypic mean values were clustered using the Scott and Knott (1974) procedure at 5% probability.
To estimate the stability of the cultivars evaluated, the Wricke (1965) method was used.
Thus, the ecovalence of each genotype ( )
) was estimated through partition of the sum of squares of the genotype-environment interaction according to the equation:
in which kl y is the adjusted mean value of cultivar k in environment l; k y ⋅ is the adjusted mean value of cultivar k in the environments evaluated; 1 y ⋅ is the adjusted mean value of environment l; y ⋅⋅ is the overall mean value.
The relative contribution (Equation 2) of each cultivar to the cultivar-environment interaction is given by:
The significance of stability of the cultivars provided by the Wricke method
was verified by the statistical test presented by Resende (2002) . The test is based on the F-Snedecor distribution (Equation 3). In this study, since the effect of the genotypeenvironment interaction is fixed, the mean square of the experimental error of the combined analysis was used as a tester. Thus, the following expression will be used:
in which K is the number of cultivars; L is the number of environments; QME is the mean square of the error of the combined analyses; GLE represents the degrees of freedom of the error of the combined analyses; and α is the level of significance, predefined at 0.05.
To show the interrelation between the environments and between the genotypes for grain yield and oil production, the GGE biplot method was used, which considers the effect of genotypes and of the genotype-environment interaction (Yan et al., 2000) . Analyses were carried out with the aid of the GGE biplot application (Yan, 2001) .
Analysis using the GGE biplot method was carried out as described by Oliveira et al. (2010) , considering the simplified model of two principal components (Equation 4):
where λ 1 and λ 2 are the singular values of PC1 and PC2, which are the first and second principal components, respectively; the square of the sum of the singular value of a PC is the sum of squares explained by the PC; ξ I1 and ξ I2 are the eigenvectors of genotype i for PC1 and PC2, respectively; and and are the eigenvectors of environment j for PC1 and PC2, respectively.
In addition, we estimated the Pearson phenotype correlation (r fxy ) and its significance by the Student t-test (Zar, 1996) . Correlation analyses were performed using the Bioestat 5.0 software (Ayres et al., 2007) .
RESULTS AND DISCUSSION
Accuracy estimates reflect the precision with which the experiments were conducted and also the existence of variability. Accuracy estimates above 70% are considered to be of importance (Resende and Duarte, 2007) . In this study, high estimates were observed for both grain yield and for oil content in soybean (Table 2) . From the combined analysis of variance presented in Table 2 , it may be observed that in the six environments studied, there was a significant difference (P ≤ 0.01) for the grain yield and oil content traits. These results confirm that there was variability among the cultivars tested for these characteristics in this study.
The treatment-environment interaction (T x E) was significant for the traits evaluated; this shows that the behavior of the cultivars differed in the different environments, i.e., the
genotypes evaluated showed inconsistent behavior in each environment, and the magnitude of responses for grain yield and oil content changes in response to environmental variation ( Table  2 ). The G x E interaction is frequently reported in the literature for different self-pollinating crops (Ramalho et al., 2012) , which is an important factor in the soybean crop.
**Significant at 1% probability by the F-test. d.f. = degrees of freedom. Grain yield varied from 1885.5 to 2769.4 kg/ha in the cultivars BRSGO (Goiânia) and NA 7620 RR, respectively, under the six environments studied (Table 3) . Carvalho et al. (2010) observed that the grain yield of soybeans ranged from 2958 to 3575 kg/h in the municipalities of Lavras and Itutinga, MG.
In general, all the cultivars evaluated in this study exhibited an average yield that was below the national average of 2842 kg/ha, according to the 11th survey (August 2014) of the Companhia Nacional de Abastecimento (National Food Supply Agency) -Brasília (CONAB, 2014) .
This may be due to the grain yield being greatly affected by various environmental factors, such as temperature, moisture, and photoperiod, which undergo variation throughout the year. Figure 1 shows that in the 2012/13 crop year there were rains in the harvest period, particularly in the municipality of Uberaba. This substantially reduced grain yield. Another factor may be related to the adaptation of these cultivars to the regions evaluated in the present study, combined with the different genotypes and the G x E interaction.
In general, the cultivars tested exhibited high levels of oil (Table 3) , with mean variation from 22.8 to 19.9%. Arioglu (2007) reported that the oil content in soybean seeds varies from 15 to 22%. The overall mean oil content of the cultivars was 21.2%.
In the present study, the cultivar BRSMG 760 SRR was found to have the best performance in terms of greater oil content in the six environments evaluated, which is predictive of the good adaptation and stability of this cultivar for oil production in these environments.
Ecovalence was adopted to identify the most stable cultivars (Wricke, 1965) . The most stable cultivar according to this method is the one with the lowest estimate for ecovalence. In other words, it is the genotype with the least contribution to the G x E interaction (Ramalho et al., 2012) . In this study, the cultivars exhibited near uniformity; the lowest estimate obtained for ecovalence was 2.75% for the cultivars AV 7002 and TMG 127 and the highest estimate was 2.82% for the cultivar TMG 1179, giving a variation of only 0.07% (Table 3) .
Ecovalence estimated according to the method described by Lin et al. (1986) allows stability to be estimated in the agronomic sense, i.e., the cultivar is stable if its response to the environment is parallel to the mean performance in the different experiments in varied environments. In the present study, although wide variability in soybean grain yield was found in the different environments studied, no variability was found in the estimated ecovalence of the cultivars. As evaluated for grain yield, the ecovalence estimates (Wi) did not show broad variability for oil content in the environments evaluated, with indices of 2.77 and 2.78%.
The frequency distribution of the grain yield data in kg/ha shown in Figure 2 is consistent with the soybean grain yield having wide variability in the different environments and crop years studied, manifesting non-coinciding yield behavior of the different soybean cultivars evaluated in this study.
Partition of the G x E interaction through GGE biplot analysis showed that the principal components (PC1 and PC2) represented 60.5 and 65.2% of the sum of squares of the G x E of the mean grain yield and oil content in soybean grain, respectively. These values lend moderate reliability to the explanation of total variation through performance of the genotypes and their interaction with the environment (G + G x E). Performance in grain yield and oil content of the soybean cultivars in the different environments and crop years may be explained Mean values followed by the same letters in the columns do not differ among themselves (means ± SE). Stability analysis according to the Wricke (1965) model, Wi (%) is the parameter of stability of the Wricke method. by the lack of a coinciding pattern of the cultivars evaluated in the analyses shown in Figures  3A and 4A (Morrison et al., 2008; Zhe et al., 2010) . GGE biplot analysis allows visualization of the performance of different genotypes in a determined environment or in various environments. Figures 3A and 4A shows that for the mean yield of soybean cultivars among the six environments studied, there are four megaenvironments, namely São Gotardo and Patos de Minas 2012/13 crop year; the Department of Agriculture -UFLA (AG) 2011/12 crop year; the Muquém farm in both crop years studied; and the municipality of Uberaba. The cultivars are graphically represented by numbers. We see that in the environment that includes the municipalities of Patos de Minas and São Gotardo, the cultivars with greatest yield were 3, 2, and 15. On the Muquém Farm, the greatest yields were for cultivars 18 and 24. For the municipality of Uberaba, cultivars 15 and 1 had the greatest yields. In contrast, the analysis of oil content in soybean cultivars, as shown in Figures 3B and  4B , shows that three mega-environments were formed, Muquém 2011/12 crop year; another with a greater number of municipalities: São Gotardo, Uberaba, Muquém 2012/13, and Patos de Minas; and the Department of Agriculture -UFLA. Thus, a different pattern is observed in the cultivars, due to the traits evaluated. Meotti et al. (2012) analyzed the agronomic performance of soybean cultivars and also observed differentiated patterns and associations of different cultivars as a result of the different traits analyzed, such as temperature, sowing time, and yield analyzed by GGE biplot.
In Figure 5A and B, a polygon is shown, which unites the more distant cultivars at the origin of the biplot. These cultivars, located at the vertex, are most sensitive as they are more responsive to the environment. In contrast, a cultivar located at the origin would be the same in all the environments, and therefore is not responsive in all aspects to the environments. There was a negative phenotype correlation (r fxy ) between yield and oil content ( Table  4 ), such that high grain yield is associated with lower oil content. For the Wi association no significant effect was observed. It is therefore possible to select cultivars with low interaction for both traits. **Significant at 1% probability; ns non-significant. In conclusion, the cultivars BRSGO204 (Goiânia) and BRSMG (Garantia) exhibited the greatest adaptability of mean grain yield in the environments studied. The cultivar BRSMG 760 SRR obtained the greatest oil content of the soybean cultivars evaluated. The GGE biplot was efficient to identify those cultivars with high adaptability and phenotype stability.
